We report here the locations of curved DNA in the human erythropoietin receptor gene. A total of 13 DNA bend sites were mapped by circular permutation assays, appearing at an average interval of 651.2 ± 214.6 (S.D.) in the 8-kb region. The bend centers in these 13 bend sites were confirmed by oligonucleotide-based assays where most of these centers had bend angles higher than that shown by (AAACCGGGCC)-(A) 2 o and lower than that shown by (AAACCGGGCC) 2 -(A) 10 . DNA curvature mapping by TRIF software, which is based on the distribution of dinucleotides, primarily AA and TT, provided a highly accurate prediction for the locations of the bend sites. They showed approximately 20° to 40° of bend angles demonstrated by the oligonucleotide assays and by computer analysis.
Introduction
required to understand the mechanism of transcriptional regulation of this gene. The erythropoietin receptor (EpoR) is one of the Periodicity of DNA bend sites was first found in the hematopoietic growth factor receptors and consists of a human e-globin gene region 5 but has since extended to membrane domain and an extracellular domain but lacks the other regions of the globin locus and other loci in hua catalytic tyrosine kinase domain. 1 This receptor is re-m a n a n d other species. 6 A comprehensive analysis of the sponsible for proliferation and maturation of hematopoi-human /3-globin locus spanning 66 kb indicated that the etic cells by transducing signals from erythropoietin, a average interval of the sites was 680 bp and each globin hematopoietic cytokine. The human erythropoietin re-gene member showed identical alignment of bend sites ceptor gene consists of 8 exons and occupies more than (Wada-Kiyama et al., unpublished results). The findings 6 kb on chromosome 19. 2 The expression of this gene o f these sites were novel in the following aspects: (1) the is regulated by the erythriod-specific transcription factor structure is an average of the local conformation of DNA GATA-1 in cooperation with general factors AP2 and Spl w n i c h can be connected to higher order structures of gewhich bind to the 5' regulatory region. 3 Recent findings n o m i c DNA, (2) the structure is a physical characteristic that EpoR is expressed in non-hematopoietic cells sug-o f DNA and can be formed by a number of combinations gest that the regulation of expression of this gene could be o f nucleotide sequences, and finally, (3) the structure apmediated in part by non-erythroid-specific mechanisms. p e a r s to be a universal feature of genomic DNA. For example, the far upstream regions are responsible for
We analyzed here the erythropoietin receptor gene regulation of alternative transcripts only found in brain. 
Materials and Methods

Circular permutation assay
DNA bend sites were determined by a circular permutation assay which is based on the abnormal migration of curved DNA in the gel matrix. 7 The rigid structure of curved DNA reduces the mobility of the DNA fragments in the gel and the degree of retardation depends on the location of the structure on the fragment. Retardation is most obvious when the structure is located at the center of the fragment. Fragments containing curved DNA at different relative locations within the same DNA fragment can be isolated by digestion of tandem duplicates of the fragment with restriction enzymes having unique sites in the unit length of the fragment. The restricted fragments were then resolved in 6% polyacrylamide gels electrophoresed for 2 to 3 days at 4°C. The procedure is detailed in Wada-Kiyama and Kiyama (1996). 8 
Oligonucleotide-based assay
DNA bend sites determined by the circular permutation assay were analyzed further by using oligonucleotides as detailed previously to identify the nucleotide sequences of their bend centers. 9 A pair of 30-nt oligonucleotides having complimentary sequences to each other with 2-nt 5'-protruding ends were annealed and then ligated to form concatemers. The concatemers were resolved by 6% polyacrylamide gel electrophoresis for 20 hr at 4°C. The candidate sequences were obtained by rough estimation by TRIF software (detailed below) which was followed by extensive searching around the candidate sequences by the assays. Those oligonucleotides showing 3.9% retardation of the 5-mer of 30-nt oligonucleotides (150 bp in length) compared with the migration of concatemers of (A)3o were considered curved DNA. The first positions relative to the cap site of the 30-mer sequences used for the assays are: -1121 (EpB -3), -798 (EpB -2), -179 (EpB -1), +350 (EpB + 1), + 1048 (EpB + 2), +1781 (EpB + 3), +2808 (EpB + 4), +3503 (EpB + 5), +3750 (EpB + 6), +4446 (EpB + 7), No. 6] Bend site 
Computer-assisted analysis
Three dimensional structure was analyzed by TRIF 1.00 software which was developed according to the database of the parameters of wedge, twist and direction angles for all combinations of dinucleotides according to Bolshoy et al. 10 Dinucleotides A A and TT have one of the highest wedge angles and contribute most to the deformation of duplex DNA.
11 One curvature unit is the value obtained for the mean DNA curvature in the crystallized nucleosome. A smoothing window of 50 bp in the scanning window of 200 bp was applied in the curvature plot. The software is available through the internet (ftp://sgjsl.weizmann. ac.il/usr/users/ftp/pub/Curvature). The accession number for the human EpoR gene in GenBank/EMBL/DDJB databases is S45332 and the cap site is positioned as + 1 . Figure 1 shows the result of mapping DNA bend sites in an 8-kb region of the human EpoR locus. Among a total of 13 sites, 3 were located upstream of the cap site and 10 downstream, showing an average distance of 651.2 ± 214.6 (S.D.) bp (Table 1 ). This value is close to approximately 680 bp, which was obtained for the other regions analyzed up to date. 6 The smaller value for the average distance and the irregular alignment of the sites would be due to the presence of the exons. Eight cases of distances, between EpB -2 and EpB -1, EpB -1 and EpB + 1, EpB + 1 and EpB + 2, EpB + 2 and EpB + 3, EpB + 4 and EpB + 5, EpB + 6 and EpB + 7, EpB + 7 and EpB + 8, and EpB + 8 and EpB + 9, showed values close to the average (within one S.D.). To date, there have been no apparent cases of bend sites in the coding region of genes and this was also true for the EpoR gene. The bend centers for EpB + 2, EpB + 5 and EpB + 9 seem to be located in the introns or the exon-intron junctions from the computer-assisted mapping results (see the positions of the peaks in Fig. 3A) . Therefore, it seems that placing unusual DNA structures within coding regions was avoided because this could affect the transcriptional efficiency and restrict amino acid sequences. Furthermore, the locations of the bend sites seem to have been shifted by the presence of exons: EpB + 4 and EpB + 5 by exons 3 and 4, and EpB + 9 and EpB + 10 by exon 8 (Fig. 1) . Another exception is the distance between EpB -3 and EpB -2, which is 317 bp in length (discussed below).
Results and Discussion
Mapping DNA bend sites
Nucleotide sequence features of bend sites
We previously reported that A2N 8 the actual bend centers. 12 Since the EpoR locus has a higher G + C content (56.0%), only a few of these sequences were found in the bend sites. Therefore, we used TRIF software to obtain the candidate sequences for the oligonucleotide-based assay. In this assay, oligonucleotides having 2-nt 5'-protruding ends were ligated to form unidirectional concatemers and used for the gel assays. Concatemers containing bend sites show a greater reduction in mobility in the gel as the length of the oligonucleotides increases. As shown in Fig. 2 , all of the sequences from the peak regions appearing in the TRIF analysis showed retardation in the gels: they showed at least 8% retardation for 5-mers (150 bp fragments). Note that A3N7a, a standard of migration, showed 3.9% retardation. Some oligonucleotides showed higher retardation profiles than the standard A3N7b did, and the one from EpB + 3 showed 27% retardation which was higher than that shown by A3N7c. These sequences were derived from the bend sites that showed gradual but not sharp curvature from the patterns in the circular permutation assays and the computer analysis (see below).
Computer analysis of DNA curvature
The presence of the bend sites and their locations were confirmed by the software for prediction of curved DNA, TRIF 1.00, which was developed based on the parameters obtained from the database of curved DNA.
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Since the AA and TT dinucleotides show higher wedge and direction angles than most of the other combinations, these dinucleotides contribute most to the curvature. All of the mapped sites matched well with the peaks that were predicted by the curvature plot (Fig. 3A) , although their heights varied among them. Some of the peaks appeared as minor while the corresponding regions contained strong curvature profiles (EpB -1 for example). On the other hand, the regions with strong curvature profiles in the plot were sometimes not revealed as bend sites. Therefore, although this software can predict most positions of potential bend sites successfully, more factors other than the wedge and direction angles formed by dinucleotides would be needed for accurate localization of the bend sites. One of the factors is the averaging or smoothing conditions for curvature calculation for the scanning size of 50 to 200 bp, and without using proper conditions, one would not see the higher peaks in the curvature plot (see Fig. 3A ). This might be true for the gel assays where interactions between two regions separated by 10 to 100 bp would affect migration of DNA fragments. As a result, appropriate smoothing windows and sub-kb length scanning windows could show clearer bend profiles of DNA fragments observed in the gel assays.
Most of the bend sites showed 8.7% to 27% retardation compared with the control (A)3o (Fig. 2) . The projection views of the 3-dimensional structure in TRIF analysis in- dicated that most bend angles for the regions used for the oligonucleotide assays (underlined in the figure) were 9.7°( for EpB+ 1) to 27° (for EpB + 8) (data not shown). This result is consistent with the results of oligonucleotide assays where most oligonucleotides showed retardation degrees between the standards A3N7a and A3N7b. The bend angles for the standards obtained by TRIF analysis are 20°/30 nts (A3N7a), 40°/30 nts (A3N7b) and 60°/30 nts (A3N7c).
Biological significance of curved DNA
Bent DNA or curved DNA is associated with many biological functions, including modulation of transcription efficiency, functions as replication origins and interaction of proteins to their binding sites. 13 ' 14 The last category includes the interaction of histone octamers with DNA when nucleosomes are formed. 15 ' 16 Since DNA bend sites appear nearly periodically on the genomic DNA, we believe that their potential function should be related to the universal features of the genomic DNA, i.e. chromatin structure. This is supported partly by the fact that the average distance between the bend sites in most loci is close to 680 bp, which is approximately 4 times the typical length for nucleosome core DNA of 170 bp. Therefore, this suggests that nearly every fourth nucleosome is marked by curved DNA. We previously demonstrated [Vol. 5,  that the bend center of the human A 7-globin gene has a higher affinity to nucleosome core particle than other sequences of similar base compositions. 8 Furthermore, the bend center itself has an ability of phasing nucleosomes (ref . 8 and unpublished results) . However, these bend sites are placed lower in the hierarchy of genomic DNA because, as observed in the EpoR gene, there are many sites of disruption of periodicity caused by the presence of exons. Note that even in the promoter region, we observed a disruption (EpB -3). The region upstream of the EpB -3 site containing Alu family sequences (positions -1781 to -840) might have caused this disruption. Therefore, the sites of functions or the specific sequence features can be predicted by discontinuity of their periodicity.
The curved DNA shown here could be related to transcriptional regulation. The region from -194 to -116 was previously shown to have a repressor activity. 3 EpB -1, which is located between -229 and -77, is overlapped by this region. Furthermore, the -175 region which contains a binding site for the protein specific to the erythroid cells 3 is close the bend center of the site. The repressor or silencer activity at the bend sites was also found in other genes, 5 ' 17 ' 18 suggesting the active involvement of curved DNA in transcription.
